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Abstract 
An extensive series of towing tests using flat plates covered with artificial barnacles were carried out at the Kelvin 
Hydrodynamics Laboratory (KHL) at the University of Strathclyde. The tests were designed to examine the effect of the 
coverage percentage of barnacles on the resistance and effective power of ships, over a range of Reynolds numbers. 
This paper presents the added resistances due to calcareous fouling in terms of the added frictional resistance coefficient for a 
surface coverage of fouling of up to 20%, over different speeds (Reynolds numbers). The drag coefficients and roughness 
function values of each surface were evaluated. Roughness effects of the given fouling conditions on the frictional resistances of 
an LNG tanker were then predicted for different ship speeds using an in-house code which was developed based on the similarity 
law analysis of Granville (1958). Added resistance diagrams were then plotted using these predictions. Finally, powering 
penalties of the LNG tanker were predicted using the generated diagrams. 
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1. Introduction 
5RXJKQHVVRIDVKLS¶VKXOOZKLFKLVRIWHQFDXVHGE\PDULQHFRDWLQJVDQGELRIRXOLQJFDQGUDPDWLFDOO\LQFUHDVHD
VKLS¶VIULFWLRQDOUHVLVWDQFHDQGKHQFHLWVIXHOFRQVXPSWLRQDQGJUHHQKRXVHJDVHPLVVLRQV$OWKRXJKDODUJHEody of 
research has been devoted to assess the effects of fouling on ship resistance and powering, little effort has been made 
to classify fouling conditions and relate them to full-scale ship frictional resistance. 
Experimental, lab-scale studies provide reliable data since the uncertainties can be estimated to a degree. 
Therefore, several experimental studies have been devoted towards investigating the roughness effect on the skin 
friction. The very first experimental investigation into the effect of hull roughness on frictional resistance can be 
attributed to Froude (1872, 1874). According to Woods Hole Oceanographic Institution (1952), McEntee (1915) 
conducted the first extensive experimental study investigating the effect of fouling on frictional resistance. Flat 
plates were coated with anti-corrosive paints and kept in water for a given period of time. The plates were then 
towed with barnacles on them. The findings were remarkable since the resistance of the plates after 12 months of sea 
exposure increased to 4 times the resistance of an otherwise identical clean plate (Woods Hole Oceanographic 
Institution, 1952). As reported by Townsin (2003), Kempf (1937) conducted tests on pontoons covered with shell 
fouling and recorded an increase of 66% in the resistance, even with only 5% coverage. According to Schultz and 
Swain (2000), the increase in the frictional resistances of surfaces covered with slime was surveyed by conducting 
towing tests of flat plates by Benson et al. (1938), and performing experiments on cylinders, rotating disks and a 
model ship by Watanabe et al. (1969). Lewkowicz and Das (1986) conducted towing tests of flat plates covered with 
artificial slime and the increase in the frictional resistance due to artificial slime was found to be 18% (Schultz and 
Swain, 2000). Loeb et al. (1984) conducted rotating disk experiments using disks covered with several different 
types of microbial slimes. It was observed that microbial slime led to an increase of 10% to 20% in the frictional 
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resistance. Schultz and Swain (1999) and Schultz (2000) investigated the effects of biofilms and algae on the skin 
friction coefficients of flat plates using boundary layer measurements. Swain et al. (2007) surveyed the fouling 
growth on different types of coatings under static and dynamic conditions. Andrewartha et al. (2010) measured an 
increase of 99% in the drag coefficients of test plates due to biofilms in a recirculating water tunnel. These findings 
clearly demonstrate that the antifouling and hydrodynamic performances of coatings vary significantly depending 
upon operational conditions. Although these experimental studies presented reliable information, they do not 
necessarily present a well-defined parametric study in order to deeply understand the effect of barnacle coverage on 
the frictional resistance of a ship. A means of assessing the effect of the coverage percentage of barnacles on ship 
resistance and powering would therefore be of great benefit. 
With the aim of developing a scientific and fundamentally sound approach for predicting the effect of biofouling 
on added resistance, and hence the increase in power requirements, this paper presents a novel experimental 
approach towards establishing a method to predict the added resistance caused by calcareous fouling. 
Actual barnacles of differing sizes, which represent time based fouling, were scanned in 3D in order to model the 
barnacles in a digital environment. The digital models of the barnacles were then printed in 3D using 3D printing 
technology to generate artificial barnacles. The artificial barnacles were glued onto the surface of the flat plates and 
then towing tests of the flat plates were conducted at various speeds. The roughness functions and roughness 
Reynolds number were then evaluated using the overall method of Granville (1987) using the present experimental 
data. 
 This technique provides a unique opportunity to systematically determine the effects of different levels of fouling 
coverage on the hydrodynamic resistance of plates. This systematic approach also eliminates the problems and 
uncertainties which are encountered during the transportation of the immersed plates from the sea to the tank, 
including the transfer of the marine life from seawater to freshwater. 
3 different coverage percentages, with even distributions, and 1 bare plate, which serves as a reference plate, are 
considered in the experiments as given below: 
 
x Reference Plate (Bare Plate) 
x 5% 
x 10% 
x 20% 
 
A well-known similarity law scaling procedure from Granville (1958) can be used to predict the effect of such 
roughness on the frictional resistance of flat plates of ship lengths, provided that the roughness function behaviour of 
such fouling is known (Schultz, 2007). Some examples of the use of this method are given by Schultz (2002), 
Schultz (2004), Shapiro (2004), Schultz (2007), Flack and Schultz (2010) and Schultz et al. (2011). Schultz (2007) 
proposed a methodology to predict the effects of a range of coating and biofouling conditions on ship frictional 
resistance, using his experimental data, by means of the similarity law scaling procedure of Granville (1958). 
However, it may be difficult for less experienced users to carry out such an analysis using this methodology. Goal-
based, simple added resistance diagrams for predicting the effect of biofouling on ship frictional resistance would 
therefore be of great benefit. 
One of the aims of the present paper is therefore to generate such diagrams using an in-house code based on the 
similarity law scaling procedure explained by Schultz (2007), for a given set of fouling conditions. The proposed 
diagram enables the prediction of the added frictional resistance coefficients of an LNG carrier of 270 m due to the 
given fouling coverage on her hull for a range of ship speeds. The predictions of the increase in the effective power 
of the LNG carrier were made using the diagram. 
This paper is organised as follows: Experimental facilities and model details are explained in detail in Section 2 
while the methodology followed within the paper is presented in Section 3. In Section 4, the frictional resistance 
coefficients and roughness functions of the test surfaces are demonstrated and an added resistance diagram is plotted. 
In addition, powering predictions of the LNG carrier are made using the generated diagrams. Finally, the results of 
the study are discussed in Section 5, along with recommendations for future avenues of research. 
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2. Experimental facilities and model details 
The experiments were carried out at the Kelvin Hydrodynamics Laboratory (KHL) of the University of 
Strathclyde. The KHL test tank has dimensions of 76.0 m x 4.6 m x 2.5 m. The tank is equipped with a digitally-
controlled towing carriage, state-of-the-art absorbing wavemaker, and a highly effective sloping beach. The carriage 
has a velocity range of 0 ± 5 m/s, with the velocity range used in these experiments kept between 1.5 and 3.6 m/s. 
Fresh water was used in the experiments. The temperature of the water was monitored during the experiments in 
order to be able to evaluate drag coefficients according to the temperature. 
The flat plates used for the tests were manufactured from 304 stainless steel grade sheet stock. Fig. 1 depicts the 
dimensions of the flat plates. The leading edges of the plates were shaped to a radius of 2.5 mm while the trailing 
edge was kept sharp in order to mitigate the extra drag due to the separation as much as possible. The flatness of the 
plates, as well as their dimensions, were checked using a CNC machine. 
 
 
Fig. 1. Dimensions of the flat plates. 
The artificial barnacles used in the experiments were 3D printed using 3D scans of real barnacles. The real 
barnacles were bought and scanned using a 3D scanner system. Individual barnacle models were created using the 
3D scans of these barnacles. The most appropriate one, which corresponds to the real barnacles seen on ship hulls, 
was selected among them. 
The selected model was then scaled based on the typical dimensions of the barnacles seen on ship hulls. Different 
sizes of barnacles were manufactured based on observations from ship hulls, as well as based on the studies of 
Larsson et al. (2010) and Schultz (2004). A very large juvenile, measuring 5 mm high, was chosen to be the working 
barnacle sample. 
The Reference Plate was the plate which the artificial barnacles were glued onto with 5%, 10% and 20% 
coverage. Therefore, firstly the Reference Plate was towed in the tank when it was bare, in order to obtain the 
baseline for the other configurations. Following the completion of the tests for this initially bare Reference Plate, the 
plate was removed from the water and barnacles were glued on to achieve 5% coverage. The plate was then then put 
back into the water for the tests. The same procedure was repeated for 10% and 20% surface coverage. It is of note 
that the distribution pattern applied to the Reference Plate 1 followed the recommendations of ASTM-D6990-05 
(2011).  
Both sides of Plate 1 were covered with barnacles such that they covered 5% of each wetted surface area and 
Plate 2 was covered with barnacles such that they covered 10% of each wetted surface area. Plate 3 was covered 
with barnacles such that they covered 20% of each wetted surface area. Fig. 2 shows the Reference Plate and Plate 
1, whereas Error! Reference source not found. shows Plate 2 and Plate 3. 
 
     
a)                                                                            b) 
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Fig. 2. (a) Reference Plate; (b) Plate 1. 
 
     
a)                                                                            b) 
Fig. 3. (a) Plate 2; (b) Plate 3. 
3. Methodology 
The total resistance (drag) of a flat plate, RT, is mainly composed of two components; the residuary resistance, 
RR, and the frictional resistance, RF, as given by (1). 
T R FR R R    (1) 
Once the total drag, RT, values were obtained for each plate and related speeds, they were non-dimensionalised 
by dividing each term by the dynamic pressure and wetted surface area of the plates. The total drag coefficient, CT, 
was therefore evaluated using the following equation (2) 
21
2T T
R SC VU   (2) 
where U is the density of water, S is the wetted surface area, CT is the total resistance coefficient and V is the 
speed. 
Showing similarity to the resistance decomposition, the total resistance coefficient, CT, is made up of the 
residuary resistance coefficient, CR, and the frictional resistance coefficient, CF. Given that the residuary resistance 
coefficient is a function of the Froude number, Fr, and the frictional resistance coefficient is a function of the 
Reynolds number, Re, the total resistance coefficient can, therefore, be written in the following form (Schultz, 
2007): 
( ) ( )T R FC C Fr C Re    (3) 
The Karman-Schoenherr friction line (Schoenherr, 1932) given by (4) for a smooth plate can be used to predict 
the frictional resistance coefficients of a smooth flat plate. The CF values of the reference smooth plate are therefore 
assumed to be equal to the CF values obtained using (4). It is of note that Candries (2001) and Schultz (2004) also 
showed that equation (4) can be used for the prediction of the frictional resistance of flat plates. 
0.242 log(Re )F
F
C
C
 
 
 
(4) 
The differences between the CT values obtained using the experimental data and the CF values obtained using (4) 
were assumed to be the CR values of the Reference Plate as shown by (5). The computed CR values were taken to be 
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the CR values of all the test surfaces (eq.(6)), since the residuary resistances of the plates were not expected to be 
significantly affected by the surface roughness (Schultz, 2007). Hence, the CF values of the test surfaces were 
computed by subtracting the CR values of the Reference Plate from the CT values of the test surfaces as shown by 
(7). The mathematical process for this is outlined below. 
s s sR T F
C C C    (5) 
s rR R
C C   (6) 
r r rF T R
C C C    (7) 
Roughness Reynolds numbers, k+, and roughness function values, 'U+, for all of the surfaces were obtained 
iteratively using (8) and (9) following the overall procedure of Granville (1987) using the present experimental data. 
'R 2 1 1 31
2 2 2 2
eL F F F
RF R R
C C Ckk U
L C N N N
 ª º§ · § ·§ · § ·§ · § ·   '« »¨ ¸ ¨ ¸¨ ¸ ¨ ¸¨ ¸¨ ¸¨ ¸ ¨ ¸© ¹ © ¹© ¹© ¹ « »© ¹ © ¹¬ ¼
 
 
(8)   
'2 2 119.7
2 2 2
F F F
F FS R S R R
C C CU U
C C N
 ª º§ · § · § · § · § ·'      '« »¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸« »© ¹ © ¹ © ¹ © ¹ © ¹¬ ¼
 
 
(9) 
where L is the plate length, ReL is the plate Reynolds number, CF is the frictional drag coefficient, 'U¶ is the 
roughness function slope, which is the slope of 'U+ as a function of ln(k+), and the subscript S indicates a smooth 
condition whereas the subscript R indicates a rough condition. 
The prediction code was developed based on the similarity law scaling procedure of Granville (1958), which is 
explained in detail in Schultz (1998) and Schultz (2007). The evaluated k+ and 'U+ values were then employed in 
the aforementioned code and predictions of the roughness effects of these particular fouling conditions on the 
frictional resistance of a flat plate representing an LNG carrier were made. The details of the procedure can be found 
in Demirel (2015). A graphical representation of the procedure is shown in Fig. 4. 
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Fig. 4. Granville scale-up procedure (Demirel, 2015). 
The increase in PE due to the effect of fouling can be expressed by 
, ,
, ,
% 100 100T rough T smooth FE
T smooth T smooth
C C CP
C C
 ''  u  u  
 
(10) 
 similar to that used by Tezdogan et al. (2015). 'CF is the added resistance coefficient due to surface roughness. 
CT,smooth on the other hand, includes other resistance components and the evaluation of this is not the subject of this 
study. The CT,smooth values of the LNG carrier were taken from the report of the experiments that were performed 
earlier at the Kelvin Hydrodynamics Laboratory at the University of Strathclyde. 
4. Results 
4.1. Frictional resistances and roughness functions 
Fig. 5 illustrates the frictional resistance coefficients and Fig. 6 shows roughness functions of all of the test 
surfaces together with the roughness function model of Grigson (1992). 
 
  
Fig. 5. Frictional resistance coefficients of all test surfaces. 
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Fig. 6. The roughness functions for all of the test surfaces together with the roughness function model of Grigson (1992). 
It is clearly seen in Fig. 5 that Plate 3, corresponding to 20% coverage, showed the highest drag characteristics 
among all of the surfaces, with an average increase of ~117% with respect to the Reference Plate. It is followed by 
Plate 2 and Plate 1 as expected, with average increases of ~74% and ~38%, respectively. The increases in CF values 
ranged from ~33% to ~43% for Plate 1, from ~62% to ~81% for Plate 2, and from ~103% to ~128% for Plate 3, 
with respect to Reference Plate. 
Shown for comparison in Fig. 6 is the Colebrook type roughness function model of Grigson (1992) together with 
the roughness functions of the test surfaces, using a logarithmic scale in the x-axis. It should be borne in mind that 
the roughness functions and roughness Reynolds numbers were calculated using k=0.01h(%coverage)1/2 as the 
roughness length scale, where h is the barnacle height. Using this scaling, a fairly good agreement was obtained 
between the roughness functions of Plate 2 and the roughness function model of Grigson (1992). As evident from 
Fig. 6, the roughness function behaviours of the test surfaces showed there was a monotonically increasing trend 
with the increasing roughness Reynolds numbers and that they reached the fully rough regime. Representative 
roughness function models can therefore be fitted to the roughness functions and the roughness functions at higher 
roughness Reynolds numbers can be extrapolated using the fitted equations. 
Uncertainty estimates for the drag coefficients and roughness function calculations were made through 
repeatability tests using the procedure defined by the ITTC (2002). The repeatability tests were performed at two 
speeds, namely 1.857 m/s and 3.591 m/s, which correspond to Reynolds numbers of ~2.6x106 and ~5x106, 
respectively. 
The bias uncertainty in CF ranged from ±1.625% at the lower Reynolds number to ±0.368% at the higher 
Reynolds number, while the precision uncertainty in CF ranged from ±0.743% at the lower Reynolds number to 
±0.041% at the higher Reynolds number. The overall uncertainty in CF ranged from ±1.787% at the lower Reynolds 
number to ±0.430% at the higher Reynolds number. 
The overall uncertainty levels of the drag coefficients are satisfactory when compared to other experiments given 
in the literature such as Schultz (2004). The very small precision limits reveal the acceptable repeatability of the 
experiments. 
4.2. Added resistance and effective power of an LNG carrier 
The roughness functions and roughness Reynolds numbers given in the previous section were employed in the 
code and predictions of the added resistance coefficients, 'CF, were made for all fouling conditions. Predictions 
were made for a ship length of 270 m to represent an LNG carrier. The added resistance coefficients, 'CF, due to the 
given fouling conditions were plotted against several ship speeds. Logarithmic equations were then fitted to the 'CF 
values using the least squares method in order to evaluate added resistance diagrams (Fig. 8). 
  
Fig. 7. Added resistance diagram for an LNG carrier with different fouling conditions. 
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Table 1 and Fig. 8 jointly illustrate the percentage increase in the frictional resistances and effective powers of 
the LNG carrier at 20 knots, calculated using the 'CF read from Fig. 7. 
As can be seen from Table 1 and Fig. 8, the increases in the frictional resistance and effective power of the LNG 
carrier due to 5% barnacle coverage at design ship speed of 20 knots were predicted to be 36.8% and 22.5%, 
respectively. These values became 67.4% and 41.3% when calculating the increase in the frictional resistance 
coefficient, CF, and effective power, PE, due to 10% barnacle coverage. 20% barnacle coverage causes significant 
increases in CF and PE values, namely 97.5% and 59.7%, respectively. 
  Table 1. The increases in the frictional resistance and effective power of the LNG carrier at 20 knots. 
Description of condition % 'CF % 'PE 
Smooth - - 
5% 36.8 22.5 
10% 
20% 
67.4 
97.5 
41.3 
59.7 
 
 
  
Fig. 8. (a) Percentage increase in (a) CF values; (b) PE values of the LNG carrier with respect to the smooth hull condition. 
5. Discussion and Conclusions 
An experimental study of the resistance of flat plates covered with artificial barnacles was made. Four flat plates 
having different surface conditions, including a smooth reference plate and three different surface coverages of 
barnacles were towed at the Kelvin Hydrodynamics Laboratory (KHL) of the University of Strathclyde.  
The plates were towed at a range of speeds and the total resistances of the surfaces were measured. The resistance 
values were then non-dimensionalised. The frictional resistance coefficients of all of the test surfaces were then 
computed using assumptions that suggest the frictional resistance coefficients of smooth surfaces obey the Karman-
Schoenherr friction line (Schoenherr, 1932) and that the residuary resistances of flat plates are not affected by 
surface roughness. Afterwards, roughness function values of all of the test surfaces were calculated using an indirect 
method, following the overall method of Granville (1987). Uncertainty estimates were made through repeatability 
tests, with the uncertainty values found to be sufficient to ensure a reliable comparison. 
Following this, the obtained roughness functions and roughness Reynolds numbers were employed in an in-house 
code, developed based on the similarity law analysis of Granville (1958). The added frictional resistance coefficients 
of a flat plate representing an LNG carrier were then predicted for various ship speeds and an added resistance 
diagram was generated using these predictions. The increases in the effective power of the LNG carrier were then 
predicted for a ship speed of 20 knots using the added resistance diagram. 
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The diagram has a key advantage in that it captures the complex hydrodynamic response of fouling in simple 
curves which can be implemented in a spreadsheet or a tool for life-cycle cost estimation. The main advantage of the 
proposed diagram is that it directly enables the use of surface conditions, ship length and ship speed, rather than 
having to use hydrodynamic parameters. By using such diagrams, one can easily estimate the added resistance, and 
hence the fuel penalty, of a ship for a particular fouling condition given in this study. Therefore it becomes very 
practical to calculate the effect of a range of fouling conditions on frictional resistance.  
It is of note that this approach assumes a homogenous distribution of fouling on flat plates of ship hulls, which 
may not necessarily be the case on real ship hulls. Therefore, additional results from further immersion tests and 
experiments considering different types of fouling and their spatial distributions would be beneficial to improve the 
diagrams. Having said that, the present diagrams may be considered as a leap forward towards a universal model. 
This paper not only proposes diagrams but it also provides the algorithm of a prediction procedure showing how 
to develop such diagrams using the available experimental data. 
A future work might be to test different sizes of barnacles and other types of fouling, and then obtain new 
roughness function models and generate new added resistance diagrams for the tested surfaces. 
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